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Preface 


The  research  reported  herein  was  sponsored  by  Headquarters,  U.S.  Army 
Corps  of  Engineers,  under  Research  Program  387  -  Earthquake  Engineering  - 
Structures,  Work  Unit  32911,  Nonlinear  Dynamic  Response  and  Failure 
Mechanisms  of  Intake  Towers. 

The  principal  investigator  was  Mr.  Richard  C.  Dove,  Structural  Mechanics 
Division  (SMD),  Structures  Laboratory  (SL),  U.S.  Army  Engineer  Waterways 
Experiment  Station  (WES).  Dr.  Mary  Ellen  Hynes,  Geotechnical  Laboratory, 
was  Program  Manager  for  Research  Program  387  -  Earthquake  Engineering  - 
Structures.  This  research  project  was  carried  out  under  the  general  supervision 
of  Mr.  Bryant  Mather,  Director,  SL;  Mr.  John  Ehrgott,  Assistant  Director;  and 
Dr.  Reed  Mosher,  Chief,  SMD.  The  work  was  conducted  during  the  period 
June-November  1994  under  the  direct  supervision  of  Mr.  Dove.  Mr.  William 
Dzurick,  a  contract  student  from  University  of  Arizona,  assisted  in  the 
compilation  of  structural  data. 

At  the  time  of  publication  of  this  report.  Director  of  WES  was  Dr.  Robert  W. 
Whalin.  Commander  was  COL  Bruce  K.  Howard,  EN. 


The  contents  of  this  report  are  not  to  be  used  for  advertising,  publication,  or 
promotional  purposes.  Citation  of  trade  names  does  not  constitute  an  official 
endorsement  or  approval  of  the  use  of  such  commercial  products. 


Conversion  Factors, 
Non-SI  to  SI  Units 
of  Measurement 


Multiply 

By 

To  Obtain 

feet 

0.3048 

metres 

inches 

25.4 

milimetres 

pounds  (force) 

4.448 

newtons 

pounds  (force)  per  square 
inch  (psi) 

0.006894757 

megapascals 

1  Introduction 


Background 

In  the  event  of  an  earthquake,  it  is  vitally  important  that  the  catastrophic 
failure  of  a  dam  and  subsequent  sudden  release  of  the  reservoir  be  prevented. 
An  important  part  of  the  prevention  of  such  a  failure  is  maintaining  the  abihty 
to  control  the  release  of  water  after  the  earthquake.  If  a  dam  is  damaged,  the 
prompt  and  controlled  lowering  of  the  water  level  will  remove  hydrostatic 
pressure  that  will  help  to  prevent  the  propagation  of  the  damage  into  a 
catastrophic  failure.  For  most  earthen  dams,  the  release  of  water  is  controlled 
through  a  reinforced  concrete  intake  tower.  The  functional  survival  of  such 
towers  is  therefore  very  important  and  is  the  main  concern  of  this  research 
effort. 

It  is  difficult  to  determine  if  existing  intake  towers  of  outlet  works  of  dams 
are  sufficiently  ductile  to  resist  major  earthquakes  in  aU  structural  failure 
mechanisms.  Most  existing  Corps  intake  towers  are  lightly  reinforced  concrete 
structures  that  were  designed  using  the  seismic  coefficient  method  which 
incorrectly  estimates  demands  placed  on  an  intake  tower  during  a  major 
earthquake.  Lightly  reinforced  concrete  structures,  such  as  the  Corps  intake 
towers,  may  have  sufficient  inherent  ductility  to  respond  without  failure. 
However,  the  success  of  the  tower  in  resisting  failure  is  dependent  upon  the 
magnitude  of  the  earthquake  loads  and  the  structural  details  controlling  the 
nonhnear  dynamic  response  and  failure  mechanisms  of  the  specific  tower. 
Currently,  available  analysis  tools  and  engineering  guidance  for  intake  towers 
do  not  properly  include  these  factors.  The  development  and  validation  of 
better  tools  and  guidance  is  the  primary  goal  of  Research  Program  387  - 
Earthquake  Engineering  -  Structures,  Work  Unit  32911,  Nonhnear  Dynamic 
Response  and  Failure  Mechanisms  of  Intake  Towers.  The  research  conducted 
and  reported  in  this  report  is  the  initial  step  in  a  planned  7-year  effort  to 
accomplish  this  goal. 

The  overall  approach  of  the  research  program  to  be  conducted  under  this 
work  unit  is  to  concentrate  on  evaluating  the  inherent  ductihty  of  existing 
intake  towers.  As  wiU  be  covered  in  this  report,  the  initial  effort  has  included 
an  analysis  of  existing  intake  towers  to  examine  their  location  hazard  and  the 
variation  of  structural  parameters.  A  field  advisory  committee  of  cogmzant 
Corps  engineers  was  formed  to  help  guide  the  survey  as  well  as  assist  in  the 
planning  of  the  research  effort.  Input  will  also  be  solicited  from  recogmzed 
experts  in  this  area  of  study  to  assure  complete  utilization  of  existing 


Chapter  1  Introduction 


1 


intake  towers.  Primarily,  the  overall  research  effort  will  be  a  computational  and 
experimental  effort  to  generate  a  valid  structural  model  representative  of  those 
found  in  the  population  of  existing  intake  towers.  It  is  expected  to  include  an 
examination  of  the  performance  of  reinforcing  bar  details  (lap  lengths, 
development  lengths,  bond  forces,  and  joint  details),  structural  component  and 
substructure  testing  (compression,  shear,  and  moment  effects),  model  tower 
testing  (failure  mechanisms  and  bridge/tower  interaction),  and  perhaps  nonde¬ 
structive  and  destructive  testing  of  full-scale  prototype  tower.  Computational 
efforts  will  include  concrete  material  model  evaluation  and  modification.  The 
hydrodynamic  effects  of  water  inside  and  outside  of  towers  will  also  be 
considered.  The  goal  will  be  the  development  of  usable  computational  tools  and 
engineering  guidance  for  the  evaluation  and  retrofit  of  existing  intake  towers  and 
for  the  design  of  new  towers. 

The  greatest  benefit  from  this  effort  is  the  potential  savings  realized  by  a 
reduction  in  the  need  for  retrofit  strengthening  of  existing  intake  towers. 
Approximately  77  intake  towers  are  in  seismic  zones  2  and  above.  Based  on 
experience  in  the  Pacific  Northwest,  it  is  estimated  that  retrofit  of  an  existing 
tower  will  cost  approximately  $5  million.  Hence,  total  savings  could  exceed 
$100  million  if  it  can  be  demonstrated  that  the  inherent  ductility  available  in 
even  a  minority  of  existing  intake  towers  is  sufficient  to  resist  earthquake 
demands. 


Objective 

The  overall  objective  of  this  research  program  is  to  develop  verified  nonlinear 
analysis  techniques  for  determining  the  ductility  of  existing  intake  towers  under 
earthquake  loads  for  all  potential  structural  failure  mechanisms,  to  develop 
analysis  procedures  to  account  for  this  ductility,  and  to  provide  design  and 
retrofit  guidance  for  intake  towers.  The  specific  objective  of  the  tower  inventory 
analysis  is  to  quantify  the  distribution  and  variation  of  the  structural 
characteristics  of  the  U.S.  Army  Corps  of  Engineers  (USAGE)  inventory  of 
existing  intake  towers  as  relating  to  their  earthquake  location  hazard.  It  is 
expected  that  the  analysis  will  assist  in  the  identification  of  possible  failure 
mechanisms  and  help  quantify  the  extent  of  the  problem  of  the  seismic  response 
of  existing  towers.  The  information  generated  will  also  be  used  in  the  planning 
of  intake  tower  shear  wall  component  tests  scheduled  for  FY  95  as  well  as 
subsequent  substructure,  reinforcing  detail,  failure  mechanism,  and  bridge/tower 
interaction  experiments.  The  results  of  these  tests  will  used  to  develop  and/or 
validate  nonlinear  analysis  techniques  for  structures  typical  of  those  observed  in 
Corps  intake  towers.  These  validated  nonlinear  analysis  techniques  will  be 
applied  to  the  development  of  approximate  and/or  simplified  analysis  procedures 
for  the  evaluation  of  the  ductility  of  existing  intake  towers,  hence  fulfilling  the 
overall  objective  of  the  entire  research  program. 
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Approach 

The  approach  of  the  tower  inventory  analysis  was  to  build  upon  an  initial 
effort  conducted  under  the  Repair,  Evaluation,  Maintenance  and  Rehabilitation 
Research  (REMR)  Program  120,  Work  Unit  32642.  This  initial  study  was 
performed  to  identify  the  characteristics  of  the  intake  towers  of  Corps  dams  as 
they  relate  to  Uniform  Building  Code  seismic  zones.  This  effort  included 
information  compiled  in  1993  by  Mr.  Dave  Illias,  U.S.  Army  Engineer  District, 
Portland.  Additional  information  was  gathered  from  a  search  of  design 
memoranda  and  inspection  reports  found  in  the  U.S.  Army  Engineer  Waterways 
Experiment  Station  (WES)  research  library.  The  National  Inventory  of  Dams 
was  also  consulted.  Of  the  162  intake  towers  identified  in  this  study,  77  were  in 
seismic  zones  2  and  greater.*  The  available  information  on  the  properties  of 
these  77  towers  was  statistically  analyzed.  The  tower  characteristics  included  in 
the  analysis  were;  total  height,  clear  height,  major  and  minor  widths,  height-to- 
width  ratio,  and  concrete  wall  thickness. 

In  conducting  the  initial  survey,  it  was  evident  that  only  limited  structural 
information  was  available  from  the  sources  cited.  As  a  result,  the  first  step  in  the 
tower  inventory  analysis  was  to  obtain  structural  drawings  of  the  77  towers  of 
interest  from  the  corresponding  Corps  districts.  In  all,  13  district  offices  were 
contacted  and  all  responded  by  sending  the  requested  drawings  and  information. 
These  drawings  formed  the  basis  of  the  inventory  analysis  conducted.  As  will  be 
discussed  in  this  report,  each  drawing  was  analyzed  to  determine  the  geometric 
and  material  properties  of  the  towers,  this  information  was  entered  in  a  database, 
and  a  statistical  analysis  was  performed  on  the  data  to  summarize  the  results. 


*  Uniform  Building  Code.  (1991).  International  Conference  on  Building  Officials,  Whittier,  CA. 


Chapter  1  Introduction 


3 


2  inventory  Analysis 


General 

The  inventory  analysis  began  with  an  examination  of  the  structural  drawings 
of  the  towers  of  interest.  It  was  evident  that  these  structures  were  relatively 
complex  and  the  structural  configuration  varied  considerably  from  tower  to 
tower.  However,  the  towers  were  similar  enough  that  descriptive  parameters 
could  be  developed  that  would  allow  meaningful  comparisons  among  the 
population.  These  parameters  were  determined  for  each  tower,  incorporated  into 
a  spreadsheet/database,  and  descriptive  statistics  developed. 


Database  Development 

There  are  many  parameters  that  must  be  known  to  conduct  a  ductility  analysis 
of  a  concrete  intake  tower.  The  parameters  needed  include  the  geometric  and 
material  properties  of  the  tower  as  well  as  the  expected  loading.  To  develop 
and/or  validate  ductility  analysis  procedures  for  existing  towers,  the  variation  of 
these  parameters  in  the  tower  population  must  be  well  understood.  The 
generation  of  this  spreadsheet  is  part  of  an  effort  to  quantify  the  variation  of 
important  structural  parameters  in  the  population  of  existing  Corps  intake  towers 
in  areas  of  significant  seismic  risk.  Statistical  measures  of  this  variability  will  be 
used  in  the  planning  and  design  of  experimentation  and  analysis  efforts. 

For  most  intake  structures,  the  geometry  varies  considerably  throughout  the 
height  of  the  tower.  It  is  common  to  have  a  very  massive  substructure  at  lower 
elevations  with  a  much  less  massive  tower  at  higher  elevations  (Figure  1).  The 
substructure  typically  consists  of  the  intake  (including  log  racks)  and  outlet 
conduit.  The  towers  usually  contain  water  quality  gates  and  all  flow  rate  control 
mechanisms.  At  the  top  of  the  tower,  there  is  often  a  superstructure.  The 
superstructure  usually  extends  above  the  service  bridge  and  is  commonly  located 
where  the  control  station  is.  The  superstructure  is  normally  above  the  maximum 
water  surface  and  is  often  a  structurally  distinct  component  of  the  intake  tower. 

Since  most  intake  structures  vary  in  cross  section  considerably  throughout  the 
height  of  the  tower,  it  was  necessary  to  determine  certain  critical  cross  sections 
where  the  tower  would  be  most  likely  to  fail.  The  most  common  critical  cross 
section  was  at  the  intersection  of  the  tower  and  the  substructure. 
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Figure  1.  Typical  rectangular  intake  tower 

In  some  cases  the  geometry  of  a  tower  led  to  the  identification  of  two  critical 
sections,  one  for  bending  about  the  flow  axis  as  well  as  one  for  bending  about  an 
axis  perpendicular  to  the  flow.  The  flow  axis  is  defined  as  the  direction  of  the 
flow  of  the  water  through  the  conduit.  For  most  rectangular  towers  these  two 
axes  coincided  with  the  major  axes  of  the  structure.  For  any  tower  with  two 
critical  sections,  the  spreadsheet  is  arranged  so  that  information  for  the  cross 
section  about  the  flow  axis  is  listed  in  the  row  above  the  row  containing 
information  for  the  critical  section  of  the  axis  perpendicular  to  the  flow. 

The  selection  of  critical  sections  was  made  by  inspection  and  was  based  upon 
apparent  large  changes  in  stiffness  at  the  lowest  elevation  in  the  free  standing 
(not  embedded)  part  of  the  tower.  These  cross  sections  are  not  intended  to 
identify  an  exact  point  of  failure,  but  they  are  meant  to  identify  a  cross  section 
typical  of  one  in  an  expected  failure  zone. 
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Once  the  critical  cross  sections  were  chosen,  some  idealization  was  needed  to 
concisely  represent  the  structure.  For  rectangular  cross  sections,  the  structure 
was  idealized  as  a  series  of  shear  walls.  Each  section  has  shear  walls  in  the 
direction  of  flow  and  in  the  direction  perpendicular  to  the  flow.  This  idealization 
ignores  relatively  minor  variations  in  thickness,  small  penetrations,  and  other 
minor  departures  of  the  actual  geometry  from  that  of  an  assumed  rectangular 
section.  The  rectangular  section  was  always  chosen  as  a  conservative 
approximation  of  the  typical  actual  section.  From  the  chosen  wall  section,  the 
typical  wall  reinforcement  was  identified,  and  both  the  vertical  percent  of  steel 
(rho  gross  vertical)  and  horizontal  percent  of  steel  (rho  gross  horizontal)  were 
calculated  based  on  a  unit  width  of  the  section.  These  ratios  are  meant  to  provide 
a  rough  estimate  of  the  actual  reinforcement.  Special  rebar  placed  for  cutouts, 
comers,  etc.,  were  not  considered.  The  selection  of  typical  reinforcement  was 
complicated  by  the  fact  that  additional  reinforcement  was  usually  present  in  the 
transition  zone  between  the  substmcture  and  the  tower.  To  overcome  this 
problem,  the  reinforcement  was  chosen  at  the  lowest  point  above  the  critical 
section  which  appeared  to  represent  the  typical  reinforcing.  For  circular  and 
octagonal  sections,  a  similar  process  was  followed  for  the  identification  of 
reinforcement.  Rho  gross  vertical  was  calculated  as  the  total  reinforcement 
divided  by  the  area  of  concrete,  while  rho  gross  horizontal  was  still  calculated 
using  a  unit  width  of  the  section. 

Determining  the  area  properties  of  sections  required  a  number  of  assumptions 
and  simplifications  due  to  the  complexity  of  the  geometry  of  individual  critical 
cross  sections.  Most  of  these  assumptions  consisted  of  regularizing  the  geometry 
by  neglecting  the  contribution  of  relatively  minor  stmctural  components  such  as 
small  wing  walls  or  penetrations.  It  was  not  practical  to  completely  describe  all 
such  simphfications  in  the  spreadsheet.  A  record  was  kept  of  the  assumptions 
made  for  each  tower  for  later  reference.  All  pertinent  data  and  calculations  are 
also  recorded.  All  information  was  obtained  from  as-built  drawings  and  other 
available  literature  such  as  design  memorandums. 

Table  1  describes  the  parameters  presented  in  the  spreadsheet  and  briefly 
explains  how  they  were  determined.  All  heights  are  based  upon  the  base  of  the 
structure  unless  otherwise  indicated.  The  base  of  the  structure  is  defined  as  the 
lowest  point  of  concrete  common  to  the  entire  intake  structure.  The  spreadsheet 
itself  is  contained  in  Appendix  A. 


Summary  Statistics 

The  summary  statistics  of  average  and  standard  deviation  were  included  in 
the  intake  tower  spread  sheet  containing  the  primary  intake  tower  characteristics 
(Appendix  A).  Additional  summary  statistics  and  a  graphical  presentation  of  the 
distribution  of  several  of  the  more  important  characteristics  wiU  now  be 
provided.  More  importantly,  secondary  characteristics  derived  from  the  primary 
characteristics  will  be  presented  and  summarized. 
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Table  1 

Description  of  Intake  Tower  Database  Parameters 


Year  built 


Maximum  pool 


Conservation  pool 


Minimum  pool 


Total  height 


Base  width  parallel  with 
flow 


Base  width  perpendicular 
with  flow 


Base  to  service  bridge 


Base  to  critical  section 


Base  to  top  of  conduit 


Base  to  average 
embedment 


Clear  height  at  critical 
section 


Critical  section  width 
parallel  to  flow 


Critical  section  width 
perpendicular  to  flow 


Ag  at  critical  section 


N.A.  distance  parallel  with 
flow 


N.A.  distance 
perpendicular  to  flow 


Dam  or  reservoir  for  which  parameters  are  given 


Corps  district  in  which  the  project  is  located 


Approximate  year  in  which  the  project  was  built 


Seismic  zone  in  which  the  project  is  located  (from  1991  zoning) 


Shape  or  description.  R  =  rectangular,  C  =  circular,  0  =  octagonal, 

I  =  Inclined,  COL  =  column  supported _ 


Height  of  maximum  pool  _ 


Height  of  normal  pool _ _ 


Minimum  expected  pool  _ 


Height  to  highest  point  of  structure  _ 


Width  at  base  along  the  flow  axis,  including  trash  racks,  not 
irKluding  transition  conduit  unless  sufficiently  rigid 


Width  at  base  along  an  axis  perpendicular  to  flow,  through  the 
maximum  width  of  the  base  _ _ 


Height  from  the  base  to  the  service  bridge  floor _ 


Height  from  the  base  to  the  assumed  critical  section,  note  there 
may  be  two  such  heights,  see  explanation  above 


Height  from  the  base  to  the  point  of  extension  of  the  transition 
conduit  outward  from  the  main  substructure  _ 


Height  from  the  base  to  the  approximate  average  elevation  of 
embedment  _ _ 


Yield  strength  of  reinforcing  bars  used  in  the  structure  _ 


Concrete  compressive  strength  after  28  days  _ 


Height  difference  from  top  of  the  structure  to  the  critical  section 


Width  of  structure  at  critical  section  in  direction  of  flow,  note  for 
circular  and  octagonal  section  this  information  is  omitted 


Width  of  structure  at  critcai  section  in  direciton  perpendicular  to 
flow,  see  note  above _ 


Gross  area  of  critical  cross  section,  calculated  as  product  of 
maximum  widths  in  both  directions  tor  rectangular  sections, 
approximate  area  enclosed  by  seciton  for  other  geometries 


The  maximum  distance  between  neutral  axis  and  extreme  fiber  fo 
the  critical  section  in  the  direction  of  flow 


The  maximum  distance  between  neutral  axis  and  extreme  fiber  fo 
the  critical  section  perpendicular  to  the  direciton  of  flow 


Ig  about  flow  axis 


Moment  of  inertia  about  centroidal  axis  parallel-to-flow 


Table  1  (Concluded) 

Ig  about  axis 
perpendicular  to  flow 

Moment  of  inertia  about  centroidal  axis  perpendicular-to-fiow 

Length 

Length  of  wall  with  assumed  constant  thickness 

Thickness 

Thickness  of  wall  corresponding  to  length  above 

Vertical  steel  inside  face 

Typical  vertical  steel  reinforcement  used  on  the  inside  face  of  the 
wall  as  viewed  from  the  centroid  of  th  estructure,  see  explanation 
above 

Vertical  steel  outside  face 

Typical  vertical  steel  reinforcement  used  on  the  outside  face  of  the 
wall  as  viewed  from  the  centroid  of  the  structure,  see  explanation 
above 

Rho  vertical 

Calculated  gross  vertical  reinforcement  ratio 

Horizontal  steel  inside 
face 

Typical  horizontal  steel  reinforcement  used  on  the  inside  face  of 
the  wall  as  viewed  from  the  centroid  fo  the  structure,  see 
explanation  above 

Horizontal  steel  outside 
face 

Typical  horizontal  steel  reinforcement  used  on  the  outside  face  of 
the  wall  as  viewed  from  the  centroid  fo  the  structure,  see 
explanation  above 

Rho  horizontal 

Calculated  gross  horizontal  reinforcement  ratio 

Cover  inside  face 

Clear  distance  between  reinforcement  and  face  of  wall  for  inside 
face  as  viewed  from  centroid  of  structure 

Cover  outside  face 

Clear  distance  between  reinforcement  and  face  of  wall  for  exterior 
face  as  viewed  from  centroid  of  structure 

Area  of  shear  wall 

Area  calculated  as  product  of  length  by  thickness  of  rectangular 
sections,  not  applicable  to  nonrectanquiar  sections 

Figure  2  shows  the  distribution  of  the  decade  of  design  of  the  towers 
examined.  The  date  of  design  was  taken  as  the  initial  date  of  the  as-built 
drawings  for  each  tower.  The  distribution  shows  that  the  majority  of  the  towers 
were  designed  in  the  1950  to  1970  time  span.  The  average  design  date  was  1960 
with  a  standard  deviation  of  1 1  years.  This  information  may  be  useful  in  the 
examination  of  the  codes  and  design  criteria  applied  to  these  towers. 

The  distribution  of  the  total  height  of  the  towers  is  shown  in  Figure  3.  Height 
is  a  very  important  factor  in  the  earthquake  analysis  of  a  structure  in  that  the 
fundamental  frequency  of  response  of  a  structure  with  a  given  mass  and  stiffness 
distribution  is  largely  dependent  upon  the  height.  The  mean  total  height  for 
tower  population  was  165.5  ft’  with  a  standard  deviation  of  63.3  ft. 

A  characteristic  related  to  the  total  height  is  the  height-to-base  ratio.  This 
parameter  is  important  in  the  consideration  of  possible  rigid  body  overturning  of 
the  towers  and  is  defined  as  the  ratio  of  the  total  height  of  a  tower  divided  by  the 
length  of  the  base  of  the  tower.  For  most  towers,  there  are  two  major  axis 


A  table  of  factors  for  converting  non-SI  units  of  measurements  to  SI  (metric)  units  is  presented  on  page  vii. 
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Figure  3.  Distribution  of  towers  by  total  height 
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directions  that  can  be  defined  as  the  parallel-to-flow  direction  and  the 
perpendicular-to-flow  direction.  In  both  rectangular  and  nonrectangular  towers, 
the  base  length  may  be  deferent  for  these  two  major  axis  and  hence  two  height- 
to-base  ratios  were  calculated  for  each  tower.  Figure  4  shows  the  distribution  of 
height-to-base  ratios  for  rectangular  towers.  Figure  5  shows  the  distribution  of 
height-to-base  ratios  for  rectangular  towers  with  both  axis  directions  shown 
separately.  The  mean  ratio  for  the  paraUel-to-flow  direction  was  2.49,  the 
standard  deviation  was  0.84,  the  minimum  was  0.91,  and  the  maximum  was 
5.27.  The  mean  ratio  for  the  perpendicular-to-flow  direction  was  3.31,  the 
standard  deviation  was  0.98,  the  minimum  was  1.34,  and  the  maximum  was 
6.29.  Similarly,  Figure  6  shows  the  distribution  of  height-to-base  ratios  for 
nonrectangular  towers.  Figure  7  shows  the  distribution  of  height-to-base  ratios 
for  nonrectangular  towers  with  both  axis  directions  shown  separately.  In  this 
case,  the  mean  ratio  for  the  parallel-to-flow  direction  was  3.23,  the  standard 
deviation  was  0.72,  the  minimum  was  2.31,  and  the  maximum  was  4.43.  The 
mean  ratio  for  the  perpendicular-to-flow  direction  was  4.02,  the  standard 
deviation  was  1.54,  the  minimum  was  2.38,  and  the  maximum  was  7.97.  In  both 
rectangular  and  nonrectangular  towers,  the  height-to-ratio  indicates  that 
overturning  would  be  more  likely  in  the  direction  parallel  to  the  flow  than  in  the 
perpendicular  direction. 

For  each  tower  in  the  database,  at  least  one  location  was  identified  as  a 
critical  section  where  failure  was  most  likely  to  occur.  The  first  critical  section 
parameter  to  be  examined  is  the  clear  height  of  the  tower  defined  as  the  distance 
from  the  bottom  of  the  critical  section  to  the  top  of  the  tower.  This  is  an 
important  parameter  in  that  the  vertical  dead  load  as  well  as  the  horizontal 
earthquake  loads  are  directly  dep)endent  upon  the  mass  of  the  structure  above  the 
critical  section.  Figure  8  shows  the  distribution  of  clear  heights  for  all  towers. 
The  mean  clear  height  was  93.79  ft,  the  standard  deviation  was  44.35  ft,  the 
minimum  was  19.07  ft,  and  the  maximum  was  209.00  ft. 

n 

t  =  iii -  (1) 

norm  ^ 

E', 

The  next  parameter  to  be  examined  is  the  normalized  wall  thickness. 

Equation  1 .  Most  rectangular  towers  can  be  considered  as  shear- wall-type 
structures  containing  from  two  to  six  parallel  shear  walls  in  each  direction. 

Often  these  parallel  walls  were  of  similar  thickness  and  had  a  fairly  uniform 
thickness  along  the  length.  However,  many  critical  sections  contained  walls  that 
were  not  this  uniform.  For  the  purpose  of  obtaining  an  average  shear  wall 
thickness  at  a  given  critical  section  in  a  given  direction,  the  normalized  wall 
thickness  was  calculated.  For  these  rectangular  towers,  this  parameter  is  defined 
as  the  thickness  of  each  shear  wall  at  a  critical  section  in  a  given  direction, 
multiplied  by  each  waU  length,  and  then  summed  and  divided  by  the  sum  of  the 
wall  lengths.  In  this  way,  a  single  average  waU  thickness  was  developed  for  each 
critical  section  in  each  direction  normaUzed  by  the  length  of  the  individual  walls. 
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Figure  4.  Distribution  of  rectangular  towers  by  ratio  of  total  height-to-base  width 


Figure  5.  Distribution  of  rectangular  towers  by  ratio  of  height-to-base  width  for  parallel  and 
perpendicular  axis  directions 
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Figure  6.  Distribution  of  nonrectangular  towers  by  ratio  of  total  height-to-base  width 


Figure  7.  Distribution  of  nonrectangular  towers  by  ratio  of  height-to-base  width  for  parallel  and 
perpendicular  axis  directions 
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Figure  8.  Distribution  of  critical  sections  by  clear  height  above  critical  section 


This  information  will  be  useful  in  the  development  of  the  shear  wall  testing  and 
analysis  program  being  planned.  This  is  not  intended  to  define  the  properties  of 
the  critical  section  itself  as  it  does  not  indicate  the  number  of  walls  in  the  section. 
Figure  9  shows  the  distribution  of  normalized  wall  thickness  for  rectangular 
towers.  Figure  10  shows  the  distribution  of  normalized  wall  thickness  for 
rectangular  towers  with  both  axis  directions  shown  separately.  The  mean 
normalized  thickness  for  the  parallel-to-flow  direction  was  3.29  ft,  the  standard 
deviation  was  2.1 1  ft,  the  minimum  was  1.06  ft,  and  the  maximum  was  15.47  ft. 
The  mean  normalized  wall  thickness  for  the  perpendicular-to-flow  direction  was 
3.35  ft,  the  standard  deviation  was  2.06  ft,  the  minimum  was  1.05  ft,  and  the 
maximum  was  15.75  ft. 

For  all  the  nonrectangular  towers  included  in  this  analysis,  the  critical 
sections  were  circular  or  octagonal  and  hence  had  an  identifiable  single  actual 
wall  thickness.  Figure  1 1  shows  the  distribution  of  wall  thickness  for 
nonrectangular  crossections.  The  mean  wall  thickness  was  3.30  ft,  the  standard 
deviation  was  1.43  ft,  the  minimum  was  2.00  ft,  and  the  maximum  was  6.5  ft. 

Much  of  the  information  and  guidance  available  on  the  earthquake  response 
of  reinforced  concrete  shear  wall  structures  have  been  developed  for  the  analysis 
and  design  of  buildings.  In  considering  the  response  of  rectangular  intake  towers 
as  shear  wall  stractures,  it  is  important  to  compare  the  properties  of  the  towers 
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Figure  9.  Distribution  of  rectanguiar  tower  critical  sections  by  normalized  wall  thickness 


Figure  1 0.  Distribution  of  rectangular  tower  critical  sections  by  normalized  wall  thickness  for 
paraiiel  and  perpendicular  axis  directions 
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Figure  1 1 .  Distribution  of  nonrectangular  tower  critical  sections  by  wall  thickness 


with  shear  wall  buildings.  The  literature*  contains  a  parameter  called  the  wall 
area  ratio  that  attempts  to  quantify  the  contribution  of  shear  walls  to  the 
earthquake  resistance  of  a  building  by  calculating  the  ratio  of  the  area  of  the 
shear  walls  in  a  given  direction  to  the  gross  area  of  the  building.  This  same 
reference  indicates  that  for  U.S.  building  construction,  it  is  not  unusual  for  this 
parameter  to  be  as  low  as  0.005.  At  the  same  time,  Chilean  buildings  with  low 
steel  percentages,  large  areas  of  shear  walls,  and  good  earthquake  resistance  had 
ratios  that  varied  from  0.015  to  0.03.  Figure  12  shows  the  distribution  of  wall 
area  ratios  for  rectangular  towers.  Figure  13  shows  the  distribution  of  wall  area 
ratios  for  rectangular  towers  with  both  axis  directions  shown  separately.  The 
mean  wall  area  ratio  for  the  parallel-to-flow  direction  was  0.242,  the  standard 
deviation  was  0.101,  the  minimum  was  0.1 13,  and  the  maximum  was  0.560.  The 
mean  wall  area  ratio  for  the  perpendicular-to-flow  direction  was  0.252,  the 
standard  deviation  was  0.098,  the  minimum  was  0.083,  and  the  maximum  was 
0.593.  These  numbers  are  about  an  order  of  magnitude  higher  than  Chilean 
buildings  and  two  orders  of  magnitude  above  U.S.  buildings.  This  may  or  may 
not  bode  well  for  the  earthquake  resistance  of  intake  towers,  but  it  does  point  out 
that  care  should  be  taken  in  applying  criteria  or  analysis  techniques  generated  for 
buildings  to  intake  towers. 


'  Wood,  S.  L.  (1991).  “Performance  of  reinforced  concrete  buildings  during  the  1985  Chile  earthquake: 
Implications  for  design  of  structural  walls,”  Earthquake  Spectra,  EERI,  7(4). 
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Figure  12.  Distribution  of  rectangular  tower  critical  sections  by  wall  area  to  gross  area  ratio 


Figure  13.  Distribution  of  rectangular  tower  critical  sections  by  wall  area  to  gross  area  ratio  for 
parallel  and  perpendicular  axis  directions 
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The  next  group  of  parameters  to  be  examined  is  the  group  of  steel 
percentages.  As  with  the  shear  wall  thickness,  the  steel  percentages  for 
rectangular  towers  were  normalized  to  account  for  nonuniformities  in  wall 
thickness,  Equation  2. 


P 


norm 


n 


E  Pi^, 


n 


E^, 


(2) 


For  the  purpose  of  obtaining  an  average  vertical  or  horizontal  steel  percentage  at 
a  given  critical  section  in  a  given  axis  direction,  the  normalized  steel  percentage 
was  calculated.  For  these  rectangular  towers,  this  parameter  is  defined  as  the 
vertical  or  horizontal  steel  percentage  for  a  wall  at  a  critical  section  in  a  given 
axis  direction,  multiplied  by  each  wall  area,  and  then  summed  and  divided  by  the 
sum  of  the  wall  areas.  In  this  way,  a  single  average  vertical  and  horizontal  steel 
percentage  was  developed  for  each  critical  section  in  each  axis  direction 
normalized  by  the  area  of  the  individual  walls.  As  with  the  normalized  wall 
thickness,  this  information  will  be  useful  in  the  development  of  the  shear  wall 
testing  and  analysis  program  being  planned.  Again,  this  is  not  intended  to  define 
the  properties  of  the  critical  section  itself,  since  it  does  not  indicate  the  number 
of  walls  in  the  section.  Figure  14  shows  the  distribution  of  normalized  vertical 
steel  percentage  for  rectangular  towers.  Figure  15  shows  the  distribution  of 
normalized  vertical  steel  percentage  for  rectangular  towers  with  both  axis 
directions  shown  separately.  The  mean  normalized  vertical  steel  percentage  for 
the  parallel-to-flow  direction  was  0.280  percent,  the  standard  deviation  was 
0.178  percent,  the  minimum  was  0.075  percent,  and  the  maximum  was 
1.040  percent.  The  mean  normalized  vertical  steel  percentage  for  the 
perpendicular-to-flow  direction  was  0.281  percent,  the  standard  deviation  was 
0.166  percent,  the  minimum  was  0.056  percent,  and  the  maximum  was 
0.761  percent.  Figure  16  shows  the  distribution  of  normalized  horizontal  steel 
percentage  for  rectangular  towers.  Figure  17  shows  the  distribution  of 
normalized  horizontal  steel  percentage  for  rectangular  towers  with  both  axis 
directions  shown  separately.  The  mean  normalized  horizontal  steel  percentage 
for  the  parallel-to-flow  direction  was  0.380  percent,  the  standard  deviation  was 
0.251  percent,  the  minimum  was  0.1 18  percent,  and  the  maximum  was 
1.758  percent.  The  mean  normalized  horizontal  steel  percentage  for  the 
perpendicular-to-flow  direction  was  0.366  percent,  the  standard  deviation  was 
0.161  percent,  the  minimum  was  0.068  percent,  and  the  maximum  was 
1.022  percent. 


For  all  the  nonrectangular  towers  included  in  this  analysis,  the  critical 
sections  were  circular  or  octagonal  and  hence  had  identifiable  actual  vertical  and 
horizontal  steel  percentages.  Figure  1 8  shows  the  distribution  of  vertical  steel 
percentage  for  nonrectangular  cross  sections.  The  mean  vertical  steel  p)ercentage 
for  nonrectangular  sections  was  0.286  percent,  the  standard  deviation  was  0.155 
percent,  the  minimum  was  0.083  percent,  and  the  maximum  was  0.576  percent. 
Figure  19  shows  the  distribution  of  horizontal  steel  percentage  for 
nonrectangular  cross  sections.  The  mean  horizontal  steel  percentage  for 
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Figure  15.  Distribution  of  rectangular  tower  critical  sections  by  normalized  vertical  steel 
percentage  of  walls  for  parallel  and  perpendicular  axis  directions 


18 


Chapter  2  Inventory  Analysis 


CUMULATIVE  % 


Figure  16.  Distribution  of  rectangular  tower  critical  sections  by  normalized  horizontal  steel 
percentage  of  walls 


Figure  17.  Distribution  of  rectangular  tower  critical  sections  by  normalized  horizontal  steel 
percentage  of  walls  for  parallel  and  perpendicular  axis  directions 
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Figure  18.  Distribution  of  nonrectanguiar  tower  critical  sections  by  verticai  steei  percentage  of 
walis 


Figure  19.  Distribution  of  nonrectanguiar  tower  critical  sections  by  horizontal  steel  percentage 
of  walls 
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nonrectangular  sections  the  0.303  percent,  the  standard  deviation  was 
0.148  percent,  the  minimum  was  0.104  percent,  and  the  maximum  was 
0.732  percent. 

The  final  parameter  to  be  examined  is  the  cracking  moment  of  the  critical 
section.  The  cracking  moment’  was  calculated  using  Equation  3,  where  f,is 
defined  as  the  modulus  of  rupture  calculated  as  per  Equation  4, 1  ^  the  gross 
moment  of  inertia  of  the  uncracked  section  without  reinforcement,  y  ,the  distance 
form  the  neutral  axis  to  the  extreme  fiber  of  the  concrete  in  tension. 


il 

(3) 

y, 

4  =  ’-5/4 

(4) 

In  Equation  2  the  concrete  strength  (f'^)  is  in  psi  and  was  assumed  to  be  3000  psi 
for  all  towers.  The  cracking  moment  can  be  considered  as  a  measure  of  the 
initial  stiffness  of  the  critical  section  and  is  dependent  only  on  the  geometry  of 
the  section  and  concrete  strength.  Figure  20  shows  the  distribution  of  the 
cracking  moment  about  the  flow  direction  axis  and  the  axis  perpendicular  to  the 
flow  direction.  The  mean  cracking  moment  about  the  flow  direction  axis  is  1.63 
kip-ft,  the  standard  deviation  is  1.28  kip-ft,  the  minimum  is  0.15  kip-ft,  the 

maximum  is  6.16  kip-ft.  The  mean  cracking  moment  about  the  axis 
perpendicular  to  the  flow  direction  axis  is  1.62  kip-ft,  the  standard  deviation  is 
1.28  kip-ft,  the  minimum  is  0.13  kip-ft,  and  the  maximum  is  5.78  kip-ft. 


Wang,  C.  and  Salmon,  C.  G.  (1979).  Reinforced  concrete  design.  3rd  ed..  Harper  &  Row,  New  York,  NY. 
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Figure  20.  Distribution  of  all  critical  sections  by  moment  required  to  initiate  cracking  of  section 
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3  Conclusions  and 
Recommendations 


Conclusions 

The  specific  objective  of  the  tower  inventory  analysis  was  to  quantify  the 
distribution  and  variation  of  the  structural  characteristics  of  the  USAGE 
inventory  of  existing  intake  towers  as  relating  to  their  earthquake  location 
hazard.  This  was  accomplished  by  the  examination  of  the  structural  as-built 
drawings  for  77  towers  located  in  seismic  zones  2  and  above,  the  generation  of  a 
database  containing  36  parameters  for  each  of  the  towers,  and  a  statistical 
analysis  to  summarize  the  distribution  of  these  parameters.  This  information  has 
already  been  useful  in  the  preliminary  planning  of  the  intake  tower  shear  wall 
component  tests  scheduled  for  FY  95  as  well  as  subsequent  substructure  tests 
plaimed  for  FY  96. 


As  expected,  the  analysis  was  of  assistance  in  the  identification  of  possible 
failure  mechanisms  in  that  apparent  critical  sections  could  be  identified  for  each 
tower.  It  was  noteworthy  that  these  critical  sections  were  often  at  different 
elevations  for  the  different  major  axis  directions.  Information  contained  in  the 
database  on  wall  thickness,  material  properties,  reinforcing  ratios,  reinforcement 
details,  and  critical  section  details  will  be  very  important  to  future  efforts  in  the 
quantification  of  the  importance  of  different  failure  modes.  The  possibility  of  a 
rigid  body  overturning  failure  mode  can  now  also  be  assessed  in  light  of  the 
distribution  of  the  height-to-base  ratio  calculated  for  the  tower  population. 

The  ductility  of  intake  towers  as  compared  to  reinforced  concrete  shear  wall 
buildings  can  be  evaluated  in  light  of  the  wall  area  ratio.  The  wall  area  ratio  is 
defined  as  the  ratio  of  the  area  of  the  shear  walls  in  a  given  direction  to  the  gross 
area  of  the  building  and  has  been  shown  to  be  an  important  parameter  in  the 
determination  of  earthquake  response.  The  wall  area  ratios  of  intake  towers  have 
been  shown  to  be  about  an  order  of  magnitude  higher  than  Chilean  buildings  and 
two  orders  of  magnitude  above  U.S.  buildings.  This  may  (or  may  not)  bode  well 
for  the  earthquake  resistance  of  intake  towers,  but  it  also  points  out  that  care 
should  be  taken  in  applying  criteria  or  analysis  techniques  generated  for 
buildings  to  intake  towers. 
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Recommendations 


It  is  recommended  that  this  database  be  maintained  and  expanded  to  include 
additional  information  as  it  becomes  available.  Specifically,  more  information  is 
required  on  the  material  properties  of  the  towers.  The  concrete  and  steel  design 
strengths  were  more  often  than  not  missing  from  as-built  structural  design 
drawings.  Even  when  this  information  was  available  it  must  be  viewed  as 
minimum  design  values  that  must  be  related  to  the  actual  in-place  material 
properties  with  consideration  of  the  age  and  condition  of  the  structure. 

As  stated  at  the  beginning  of  this  report,  the  overall  objective  of  this  research 
program  is  to  develop  verified  nonlinear  analysis  techniques  for  determining  the 
ductility  of  existing  intake  towers  under  earthquake  loads  for  all  potential 
structural  failure  mechanisms,  develop  analysis  procedures  to  account  for  this 
ductility,  and  to  provide  design  and  retrofit  guidance  for  intake  towers.  This 
inventory  analysis  is  a  significant  first  step  in  the  accomplishment  of  this 
objective. 
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13. ABSTRACT  (Maximum  200  words) 

Existing  Corps  intake  towers  were  designed  using  the  seismic  coefficient  method  which  incorrectly  estimates  demands 
placed  on  an  intake  tower  during  a  major  earthquake.  Lightly  reinforced  concrete  stmcmres,  such  as  Corps’  intake  towers,  may 
have  sufficient  inherent  ductility  to  respond  without  failure.  However,  the  success  of  the  tower  in  resisting  failure  is  dependent 
upon  the  magnitude  of  the  earthquake  loads  and  the  stmctural  details  controlling  the  nonlinear  dynamic  response  and  failure 
mechanisms  of  the  specific  tower.  Currently  available  analysis  tools  and  engineering  guidance  for  intake  towers  do  not 
properly  include  these  factors.  The  development  and  validation  of  better  tools  and  guidance  is  the  primary  goal  of  Research 
Program  387  -  Earthquake  Engineering  -  Structures,  Work  Unit  32911,  Nonlinear  Dynamic  Response  and  Failure  Mechanisms 
of  Intake  Towers.  The  research  discussed  in  this  report  is  an  initial  step  in  a  planned  7-year  effort  to  accomplish  this  goal. 

Specifically,  the  objective  of  this  initial  research  was  to  quantify  the  distribution  and  variation  of  the  stmctural 
characteristics  of  the  Corps’  inventory  of  existing  intake  towers,  considering  their  earthquake  location  hazard.  This  was 
accomplished  by  the  examination  of  the  stmctural  as-built  drawings  for  77  towers  located  in  seismic  zones  2  and  above,  the 
generation  of  a  database  containing  36  parameters  for  each  of  the  towers,  and  a  statistical  analysis  to  summarize  the  distribution 
of  these  parameters. 
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